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Enterobacter sp. 4-2 which can accumulate Ni2+ was used to remove 
nickel ions from electroplating effluent. Bacterial cells grown under the 
optimal growth conditions were immobilized on magnetites. By using Tris 
buffer with pH=7, 1:10 cells to magnetites ratio (in terms of dry weight), and 
uniform shaking for 10 minutes at 25oC, about 80% of the cells could adsorb 
on magnetites. 
Nickel removal capacity (RC) of the magnetite-immobilized cells 
(18.5mg/g) was larger than those of free bacterial cells (13mg/g) and 
magnetites (0.34mg/g). Under selected operational conditions, i.e. Tris buffer 
with pH=7, reaction temperature at 55^C and retention time=30 minutes, nickel 
RC was about 20mg/g and nickel removal efficiency (RE) was about 50%. 
Only the presence of Zn2+ alone in the Tris buffer would cause a significant 
reduction in the nickel removal capacity. Nickel RE of the magnetite-
immobilized cells may be increased by using more biomass of the bacterial 
cells. RE increased to about 80% when 90mg of immobilized cells were used. 
Moreover, nickel uptake by the magnetite-immobilized cells over the 
concentration range of lOmg/L to 150mg/L could be described by the 
Freundlich isotherm equation. 
ii 
Close to 95% of the adsorbed Ni2+ could be recovered from the 
magnetite-immobilized cells by washing with O.lM citrate buffer (PH 4) for 30 
minutes. No matter O.lM citrate buffer (PH 4) or O.lM EDTA (PH 4.6) was 
used as the regenerating solution, multiple adsorption-desorption cycles of 
nickel by magnetite-immobilized cells had a comparatively higher nickel 
recovery in the fITst cycle. Nickel RC of magnetite-immobilized cells was 
lower in the electroplating effluent than that in Tris buffer. However, in the 
effluent adjusted to higher pH, removal of nickel by magnetite-immobilized 
cells increased. The pattern of nickel removal and recovery in the 
electroplating effluent by magnetite-immobilized cells was similar to that in the 
buffer solution. 
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1. Introduction 
1.1 Literature review 
l . l . l Problems of heavy metals in the environment 
In general, metals with density greater than 5g/cm3 are regarded as 
heavy metals. Under this definition, 69 elements belong to this group. Most of 
these elements are naturally occurring and toxicity usually has an intimate 
relation with these heavy metals. In other words, heavy metals are usually 
toxic. Although some heavy metals are essential to life，e.g. chromium, 
copper, iron, manganese, molybdenum, nickel and zinc, excess amount of them 
in the body are also toxic (Patrick and Loutit, 1976). Toxicity of heavy metals 
to living organisms have been well documented (Tyler et al., 1989). 
Heavy metals can be transported to air, water and soil from various 
sources through diverse routes and cause undesirable effects to the 
environment. For example, natural sources may release heavy metals from 
geochemical materials through various geological processes. Moreover, 
sources of heavy metals resulted from human activities include mining, 
agricultural activities, industrial processes and miscellaneous activities in urban 
life. From these activities, metals are transported to the environment as mine 
wastes, pesticides, fertilizers, preservatives, sewage sludge and various forms 
of wastes produced by both metalliferous and non-metalliferous industries 
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(Martin and Coughtrey, 1982). The metals released may be air-borne, 
contained in water runoff or flows, or dumped as solid residues (Patterson, 
1987; Beijer and Jemelov, 1986). 
In Hong Kong, the source of heavy metals released to the 
environment mainly come from the industrial effluent of the metal finishing 
industries such as electroplating industry (Environmental Protection 
Department, 1989). Meanwhile, the major source of electroplating effluent 
comes from the rinsing of workpieces and occasional discharge of process 
solution (Environmental Management Division, 1986). Usually, discharge into 
drains and landfills are the major disposal methods practised by our 
government in treating the heavy metal containing wastes (Environmental 
Protection Department, 1988). However, these methods are simply transferring 
the heavy metal pollution problem from land to sea. The rising level of heavy 
metals in marine sediment (Environmental Protection Department, 1990b) and 
inside the shellfishes (Phillips, 1989) demonstrated the inadequacy of the 
present treatment of metal containing wastes. 
Disposal of the untreated heavy metal-laden effluent may affect the 
environment through their accumulation along the components in food chain 
and toxic poisoning effect on organisms at higher trophic levels (Patrick and 
2 
Loutit, 1976). Human beings might be the final victims of heavy metal 
pollution as they consume the contaminated organisms. Therefore, removal of 
the metals from wastewaters before their discharge into the environment is 
crucial to minimize metal pollution and poisoning problems. 
Among the heavy metals commonly found in the electroplating 
effluent, concentration of nickel was the highest (Table 1). Nickel is highly 
toxic because of its role as an antagonist of essential metals. The toxicity of 
nickel on microorganisms such as bacteria (Giashuddin and Cornfield, 1979; 
Babich and Stotzky, 1983)，algae (Fezy et al, 1979; Babich and Stotzky, 1983; 
Spencer and Nichols，1983)，and mould (Babich and Stotzky, 1983) were well-
documented. Besides, the toxic effects of nickel on plant (Komczynski et al； 
1963) and animals (Sevin, 1980) have also been reported. In addition, nickel 
was found to induce chromosomal aberration in mammalian cells (Umeda and 
Nishimura, 1979) and to suppress the immunological responses of animal cells 
(Smialowicz et al., 1984，1985). 
As predicted by the Environmental Protection Department (1990a) of 
the Hong Kong government, heavy metal containing wastes will increase every 
year and in 1997, there will be 160 tonnes of nickel containing liquid wastes 
produced per day. The large amount of the nickel containing wastes would 
3 
Table 1. Mean concentration of metals in effluent collected from sixteen 
electroplating factories in Hong Kong (Chiu et al., 1987) 





* mean value of 16 electroplating factories 
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certainly impair our environment if they were not removed from the 
wastewaters before released to the environment. This is because the toxic 
effects of nickel will exert on various kinds of organisms along the food chain. 
(Patrick and Loutit, 1976). A number of methods that have been used in the 
removal of heavy metals from industrial effluent will be discussed in Section 
1.1.2. 
1-1.2 Methods of removal of heavy metal from industrial effluent 
Traditional methods used for the removal of heavy metals from 
industrial effluent can be divided into three categories. The first one is the 
physico-chemical methods, while the second one is the biological wastewater 
treatment in which microorganisms play an important role to remove heavy 
metals. The third category is using microorganisms to remove heavy metals. 
( I ) Physico-chemical methods 
Physico-chemical methods can be further divided into two classes. 
The first one is treatment by regeneration. This includes ion exchange and 
reverse osmosis to remove and recover heavy metals. The second one is 
precipitation and the solid waste (sludge) thus generated will be disposed at 
landfill. 
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Ion exchange is stoichiometric and reversible chemical reaction in 
which an ion (e.g. Ni2+) from solution is exchanged for a similarly charged ion 
(e.g. H+) attached to an immobile solid particle (Cushnie, 1985). The 
immobile solid particle can be either naturally existing inorganic zoelites or 
synthetic resin materials and activated carbon, which are contained in a series 
of columns in the ion exchange system. Through the regeneration of the 
columns by adding an acidic solution, the eluant of the cation exchange column 
contains metals which may be recovered by evaporation. 
Reverse osmosis (RO) is based on the application of high pressure to 
overcome osmotic pressure, forcing metal-laden wastewater to pass through the 
RO membrane that enclosed in vessels. Metal-laden wastewater will be 
separated by selective permeation into purified, permeate stream and 
concentrated stream of metal solution. The concentrated metal solution can be 
recycled to plating bath while water with sufficient purity can be reused for 
rinsing (Cushnie, 1985). 
Precipitation is the most common and widely used method in 
wastewater treatment. Undesired heavy metal cations in the effluent can be 
precipitated as insoluble metal hydroxides by adding calcium hydroxide or 
sodium hydroxide. They can also be precipitated as the more insoluble metal 
6 
sulphides by adding sodium sulphide, sodium hydrosulphide, or ferrous 
sulphide. The insoluble precipitates formed are then allowed to settle in the 
sedimentation tank by addition of coagulating agents. Finally, the sludge can 
be removed and the clarified effluent can be discharged to the sewerage system 
(Cheny, 1982). 
Apart from the methods mentioned above, substitute methods such 
as freeze crystallization, electrodialysis, electrolysis, cementation，and starch 
xanthate adsorption may also be used in particular situations to remove heavy 
metals (Cushnie, 1985; Patterson, 1987). 
( I I ) Biological wastewater treatment 
The traditional approach in the treatment of domestic and/or 
industrial sewage is biological methods which convert organic matter in the 
sewage into a solid biological sludge and CO�. Although the process is not 
designed purposefully to remove heavy metals, but removal of heavy metals in 
the sewage can also be achieved efficiently. The treatment process is 
accomplished by primary treatment (e.g. screening and sedimentation) 
followed by secondary treatment (e.g. activated sludge process). Activated 
sludge process in the secondary treatment is the most important system 
concerned with the heavy metal removal. 
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Insoluble heavy metals in industrial effluent can be removed by 
precipitation and then settled or adsorbed onto settleable solids in primaiy 
treatment. Average removal efficiency of heavy metals by primaiy treatment is 
about 50% but nickel removal efficiency is only about 24% (Lester, 1983). For 
soluble heavy metals, they are mainly removed by the biological activated 
sludge process in the secondary treatment (Lester, 1983). Activated sludge 
consists of clumps or floes of microorganisms held together by the secreted 
polymers on their surface. Soluble heavy metals may be removed by 
associating with these microbial floes and sinking to the bottom of the tank 
together with the activated sludge. Possible mechanisms of heavy metal 
removal in the process are suggested to be (i) physical trapping of precipitated 
heavy metals in the sludge floe matrix, (ii) binding of soluble heavy metal to 
bacterial extracellular polymers, (iii) accumulation of soluble heavy metal ions 
by the cells，and (iv) volatilization of heavy metal to the atmosphere (Brown 
and Lester, 1979). However, nickel removal is relatively ineffective in the 
secondary treatment, while other metals are removed more effectively (Lester, 
1983). 
Although heavy metals can be removed by biological methods, their 
toxicities may pose ruinous effects to the microorganisms that involved in the 
activated sludge process, and hence affect the performance of the sewage 
8 
treatment system. The general toxicity ranking of heavy metals to activated 
sludge and anaerobic digestion is Ni2+ >Zn2+ >Ct^+�CU2+ >Cr3+ (Jackson and 
Brown，1970) and Ni2+ >Cu2+ »Cr6+=Cr3+ >Zn2+ (Hayes and Theis，1978). 
Ni2+ is considered to be the most toxic element to biological treatments. 
( I I I ) Removal by microorganisms 
Gadd (1988) reported that all microorganisms, including bacteria, 
cyanobacteria, algae, fungi and yeasts, have the ability to accumulate heavy 
metals from their external environment. Mechanisms involved for the removal 
of heavy metals ranged from metabolism-independent biosorption to 
metabolism-dependent intracellular accumulation. Both living and dead cells 
are capable of heavy metal uptake. Usually, metal-resistant strains of the 
microorganisms are being used for the removal of heavy metals. It is because 
microorganism-based processes are more economical in heavy metal removal 
and recovery, therefore they received more industrial interest. 
For more rigorous industrial applications, the use of immobilized 
microbial cells is preferred. Immobilized cells has many advantages over the 
freely suspended cells. These include (i) better capability of reusing the 
biomass, (ii) easy separation of cells from the reaction mixture, (iii) high 
biomass loadings, (iv) minimal clogging in continuous flow systems, and (v) 
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particle size can be controlled and high flow rates achieved with or without 
recirculation. Moreover, immobilized cells usually had good mechanical 
stability (Nakajima et al., 1982; Gadd, 1988). Previous studies indicated that 
immobilization oi Enterobacter sp. 4-2 in polyacrylamide gels could be used to 
remove Ni2+ from electroplating effluent (Kwok, 1990; Wong and Kwok, 
1992), and immobilization of Pseudomonas pudita in polyacrylamide gels 
could be used to remove Cu2+ from electroplating effluent (So, 1991; Wong et 
a / .� 1 9 9 3 ) . Although such polyacrylamide gel-immobilized bacterial cells 
could attain the objective of removing undesired metal ions, hydraulic 
problems in the column bioreactor did affect the performance, and thus such 
system is not practical for large-scale operation. Therefore, modification of the 
cell immobilized method to remove heavy metals is required. 
1.1.3 The properties of magnetites 
Magnetites, with a chemical formula of FesO^, are substances which 
have magnetic properties. They can either exist as naturally occurring ores of 
iron which are relatively inert (Seitz, 1985; Gregory et al., 1988) or can be 
synthesized by artificial methods (de Abreu Filho et al” 1987; Gribanov et al., 
1990; Sada et al., 1990). Some bacteria (Matsunaga et al., 1991; Sakaguchi et 
al, 1993) and certain invertebrates (Sakaguchi et al, 1993) also process the 
ability to form biogenic magnetites intracellularly. 
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Magnetite grains are of fine sizes. The sizes of magnetites usually 
fall into the micrometer range or even finer (Heider et al., 1987). On the other 
hand，different shapes of magnetites also exist. Magnetites may be octahedral-
shaped，teardrop-shaped (Akai et al., 1991) or shapes are combinations of 
rhombic dodecahedron, octahedron and cube (Heider et al； 1987). No matter 
what sizes and shapes the magnetites are, they can still exhibit a charged 
surface in aqueous solution like many solids. 
At any given pH of aqueous solution, the surface of magnetites is 
made up of different numbers of positively, neutral and negatively charged 
sites (Gregory et al” 1988). As the pH of aqueous solution is increased, the 
number of negatively charged sites on the surface of the magnetites will be 
increased. On the other hand, as the pH is decreased, the number of negatively 
charged sites on the surface of the magnetites will be decreased, and result in 
more positively charged sites. At a pH at which the charge on the surface of 
the magnetites is neutral, the isoelectric point (lEP) is reached. The lEP of 
pure clean untreated natural magnetites was reported to be about 6.5 (Gregory 
etal, 1988). 
The net charge of magnetites can be measured in terms of the zeta 
potential (Gregory et al., 1988). At low pH (i.e. acidic pH) it is positive and so 
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negatively charged species can be adsorbed on them. At high pH (i.e. alkaline 
pH)�positively charged species will be adsorbed on magnetites. It is due to the 
ability of the magnetites to change their surface charge just simply by altering 
the pH of aqueous solution, this characteristic can be applied in water 
treatment to remove the undesirable species. One important process for water 
clarification that must be mentioned is the "Sirofloc process". It makes use of 
the magnetic and pH-dependent charging properties of magnetites to obtain the 
best performance in water purification. An introduction of the Sirofloc process 
will be described in the following section. 
1.1.4 Role of magnetites in water treatment 
The "Sirofloc process" was originally developed by the 
Commonwealth Scientific and Industrial Research Organization (CSIRO) in the 
late seventies for the production of drinking water from natural sources in 
Australia (Anon, 1989; Prout, 1989). Continuous study by the CSIRO based 
on "Sirofloc process" has resulted in a family of processes which have been 
applied in the sewage treatment and solving heavy metal pollutants of mining 
operations (Anon, 1989). 
The basic concept of the process is based on the addition of fine size 
magnetites (micrometer sized particles), which has been previously treated with 
12 
caustic soda, to the pH adjusted raw water. Alkali pretreatment activates the 
magnetite surface and enhances the interaction with and removal of the 
negatively charged components from the natural water system (Dixon，1991). 
Cationic polyelectrolyte may also be added to enhance the adsorption by 
magnetite. After ten to fifteen minutes agitated contact between magnetites 
and the raw water, the loaded magnetites are separated from the treated water 
by settling with the help of a magnetic field. The clarified water may pass 
forward to any further treatment. The settled magnetites with impurities bound 
to them are then pumped as a slurry to the regeneration reactor where pH of the 
slurry is raised to desorb the adsorbed species from the magnetites. The 
magnetites are then washed, the pH of magnetites is adjusted, and the clean 
regenerated magnetites are ready for reuse (Dixon, 1991). The main steps in 
the "Sirofloc process" and its simplified process diagram are showed in Figures 
1 and 2 respectively (Gregory et al, 1988). 
Magnetites can be used to remove colour and turbidity (Kolarik et 
al., 1977; Anderson et al, 1980a, 1980b; Anderson etal, 1982; Anderson et 
al； 1983; Anderson and Priesley, 1983; Kolarik et al., 1983; Dixon, 1984) 
from drinking water supplies. Under specific conditions, other components 
such as dissolved iron and aluminium (Gregory et al., 1988; Prout, 1989; 
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Figure 2. Simplified process diagram of the "Sirofloc process". 
15 
(Bitton et al., 1975)，bacteria (de Latour and Kolm, 1976; MacRae and Evans, 
1983，1984) and viruses (Bitton et al., 1976; Bitton and Mitchell, 1974), heavy 
metals such as copper (Prout, 1989)，zinc (Prout, 1989; Chen et al” 1991)， 
chromium (VI) (Chen et al., 1991)，cadmium and mercury (Terashima et al., 
1986)�and inorganic pollutants such as phosphate (Booker et al； 1991; van 
Velsen et al., 1991; Eroshenko et al., 1986) can also be removed by 
magnetites. Table 2 lists the species commonly found in or added to natural 
waters and their interactions with magnetites (Dixon and Kolarik, 1990). Their 
significance are also shown. In fact, the "Sirofloc process" relies on the ability 
of surface activated magnetites particles to destabilize and coagulate colloids 
and to desorb colour bodies from the water. Reuse of the magnetic adsorbent 
depends upon the efficiency with which the adsorbed or coagulated matter is 
released from the magnetite surface in regeneration (Dixon and Kolarik, 1990). 
1.1.5 The advantages of using magnetites and further application of 
magnetites. 
Magnetites are proposed to be valuable in the purification of 
process streams as their use has many advantages over the conventional means. 
For example, the commonly used process, mainly precipitation, is criticized for 
its lack of selectivity. Moreover, the solid-liquid separation step is slow and 
the voluminous nature of the hydroxide precipitate formed will result in 
disposal problems (Prout, 1989). For the biological techniques which convert 
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Table 2. Chemical species commonly found in or added to natural waters, 
and their interactions with magnetites (Dixon and Kolarik, 1990) 
Component Interactions with Significance 
magnetites 
Soluble species 
Simple electrolytes Electrostatic Regeneration 
Hardness cations Adsorption Treatment of hard 
(e.g. Ca2+�Mg2+) feedwaters 
Heavy metal ions Adsorption Metal ion recovery 
(e.g. Pb2+�Zn2+, Mn2+, Cu2+) from effluents 
Anions Adsorption Removal of PCV-
(e.g. P O , , S(V-, S i O , ) from agricultural 
effluents 
Organic acids Adsorption Removal of colour 
(e.g. humic and fulvic acids) from feed waters, 
fulvic acids and on 
occasions pesticides, 
surfactants and other 
man-made pollutants. 
Suspended solids 
Clays, silica Heterocoagulation Removal of turbidity 
Biocolloids Heterocoagulation Algal harvesting, 
(e.g. algae, viruses, bacteria) removal of pathogens 
Additives 
AP+, Fe3+ salts Adsorption As secondary 
coagulants or surface 
coatings 
Polyelectrolytes Adsorption Improved clarification and regeneration 
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organic matter in the sewage into a solid biological sludge and CO:, the 
limitations imposed by the inherent biological nature include the slowness of 
the process, sensitive to upset and the long start up and shut down periods. 
Also，a large volume of difficult to dewater sludge is also produced. Apart 
from the above disadvantages mentioned in using different means, the high 
chemical cost and the production of a large volume of gelatinous sludge in 
applying physicochemical techniques also made such kind of purification 
process unattractive (Booker et al., 1991). However, the use of magnetites 
seems to overcome these traditional disadvantages. The advantages of using 
magnetites in waste treatment are listed in Table 3. 
Based on the advantages of the magnetic separation process, the use 
of magnetites can be further applied in commercial or industrial practices. 
Attention has been given to the application of the "Sirofloc" concept in other 
areas of wastewater and effluent treatment. These include the treatment of raw 
or primary settled sewage (Priestley and Woods, 1987; Booker et al., 1991)， 
treatment of industrial effluents (Creagh, 1991; Dixon, 1991), removal of 
heavy metals from tailing dams (Bolto and Spurling, 1991) and the recovery of 
metals from a hydrometallurgical effluent (Prout, 1989). 
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Table 3. Advantages of using magnetites in waste treatment 
Advantages References 
1. Fast speed Bolto and Spurling, 1991 
2. Flexibility Bolto and Spurling, 1991 
3. Ease of start up Bolto and Spurling, 1991 
4. Insensitivity to shock loading, Bolto and Spurling, 1991 
especially of toxic materials 
5. Low power input for magnet Nijmegen, 1990; van 
operation (easily handled) Velsen et al., 1991 
6. Compactness Nijmegen, 1990; van 
Velsen et al., 1991 
7. No clogging (because of open Nijmegen, 1990; van 
matrix structure) Velsen et al., 1991 
8. High elimination performance Nijmegen, 1990; van 
Velsen et al, 1991 
9. Big reductions in waste-disposal Lehane, 1982; Bolto and 
problems Spurling, 1991 
10. Can be recycled Seitz, 1985; Bolto and 
Spurling, 1991 
11. Large savings in capital cost Lehane, 1982; Bolto and 
(because of low space requirement) Spurling, 1991; van Velsen 
et al., 1991 
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Apart from the extended application mentioned above, another area 
of applying magnetites is that of the use of microbes, especially bacteria that 
are adsorbed to magnetites to cany out some useful processes such as the 
removal of pollutants from water (MacRae and Evans, 1983). When 
Rhodopseudomonas sphaeroides were adsorbed on magnetites, they can be 
applied in the wastewater treatment to remove pesticides such a lindane, 2,4,-
dichlorophenoxyacetic acid and 2,4,5-trichlorophenoxyacetic acid (MacRae, 
1985). The removal of chlorinated hydrocarbons such as p.p'-DDT, 
aldrin, heptachlor, dieldrin, r-hexachlorocyclohexane and a-
hexachlorocyclohexane have also been reported (MacRae, 1986). The use of 
magnetite-immobilized bacterial cells combines the advantages of the ease of 
magnetic separation and also the characteristics of the negatively charged cell 
wall of the bacterial cells. This may result in synergistic effect in the desired 
process. Since bacterial cells have been reported to have the ability to adsorb 
heavy metals from industrial effluents (Tsay et al., 1991; Wong and Kwok, 
1992; Wong et al.’ 1993), the bacterial cells immobilized on magnetites may 
even have a better ability for heavy metal removal. Moreover, it should be 
more convenient in the operation process. 
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1.2 Objectives of the study 
In Hong Kong, heavy metals are always present in the electroplating 
effluent (Phillips, 1989). Among the heavy metals commonly found, the 
concentration of nickel was the highest (Table 1). Nickel always exists in the 
form of free nickel ions (Ni2+) in the effluent. If the nickel containing effluent 
was discharged to the sea, marine organisms will be suffered (Philip, 1979). 
Once these contaminated marine organisms were consumed by their higher 
trophic level consumers along the food chain and finally to human beings, 
poisoning effects may result (Patrick and Loutit, 1976). Nickel is highly toxic 
and it is carcinogenic to mammals (Umeda and Nishimura, 1979). Therefore, it 
is necessary to remove nickel ions from the electroplating effluents before they 
are released to the environment so that the environmental pollution problems 
caused by the nickel containing wastes could be minimized. 
Conventional physical and chemical methods used to remove heavy 
metals from the electroplating effluent were not satisfactory because of the 
high capital and operation cost involved, together with the generation of a large 
volume of wet bulky wastes. Alternatively, microorganisms have been 
reported to have the ability to accumulate metals (Gadd, 1988). Based on this 
result, a nickel resistant strain oi Enterobacter sp. 4-2，which was selected and 
isolated from the secondarily treated sewage effluent, was used to remove 
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nickel from the electroplating effluent (Wong and Choi, 1988). However, 
previous study showed that removal of nickel ions from electroplating effluent 
by the Enterobacter sp. 4-2 immobilized in polyacrylamide was not practical 
for large-scale operation and clogging problem did arise (Kwok, 1990). 
Therefore, a new system in which cells of Enterobacter sp. 4-2 are 
immobilized on magnetites will be developed to remove and recover nickel 
ions from electroplating effluent. 
Cells of Enterobacter sp. 4-2 were immobilized on the magnetites 
under the optimal immobilization conditions. Then nickel ion removal capacity 
of immobilized cell will be determined. The optimal physico-chemical 
operational conditions of the magnetite immobilized cells to remove nickel ions 
from aqueous solution will be determined. Moreover, the desorption efficiency 
of the adsorbed nickel by using different eluting solutions will be performed in 
order to achieve maximal recovery of nickel ion. Under optimized conditions 
for that obtained from the buffer solvent, removal and recovery of nickel ions 
from the electroplating effluent by magnetite-immobilized cells will be 
determined. This information is crucial to access the applicability of 
constructing a bioreactor for the removal and recovery of nickel ions from the 
electroplating effluent in larger-scale operation. 
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2. Materials and methods 
2.1 Selection of the organisms 
Bacterial cells of Enterobacter sp. 4-2 which can adsorb relatively 
large amounts of nickel ions from the Tris buffer (Kwok, 1990) was used in 
this study. Stock cultures of Enterobacter sp. 4-2 were prepared and kept at 
-80OC. Bacterial cells were prepared by spreading on nutrient broth (NB) agar 
plates and incubated at 30oC for two days. Discrete colonies were picked and 
then streaked on the phosphate-limiting minimal medium agar plates (pH 7) 
for the following parts of the experiment. 
2.2 Culture media and chemicals 
Phosphate-limiting minimal medium (pH 7) was used for the growth 
of the bacterial cells (Kwok, 1990). The composition of this medium is listed 
in Table 4 in which MgSOA.THjO was autoclaved separately with other 
components so as to avoid precipitation. Phosphate-limiting minimal medium 
plate (pH 7) was prepared by adding 15g/L of Bacto-agar (Difco) to solidify 
the medium and used for the subculture of the bacterial cells every two weeks. 
Discrete colonies were streaked on the phosphate-limiting minimal medium 
plate and then incubated at 30°C for 2 days. The plate with colonies grown on 
it was then wrapped with parafilm and kept in room temperature until next 
subculture. Ten mM Tris buffer (pH 7) was used for the resuspension of the 
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Table 4. Composition of the phosphate-limiting minimal medium 
used for the growth of Enterobacter sp. 4-2 (Kwok, 1990; 
modified by So, 1991) , , 
Composition (g/L) 









pH of the medium was adjusted to 7 by adding 
concentrated H Q 
24 
bacterial cells. Ten thousand mg/L Ni2+ stock solution was prepared by 
dissolving 4.0495g of NiCl^ ^H^O in 100ml double distilled water and 
sterilized by autoclaving. Nickel ion containing buffer was prepared by 
adding suitable volume of the Ni2+ stock solution to the lOmM Tris buffer to 
give the required concentration of free Ni2+ ions. Other heavy metal 
containing buffer was prepared in a similar way. For the purpose of 
comparison with the previous study (Kwok, 1990)，100 mg/L Ni2+ was used 
throughout the experiment. 
2.3 Growth of the bacterial cells 
The conditions to grow to achieve maximal nickel removal (Table 
5) by the cells of Enterobacter sp. 4-2 were used. Single colony was picked 
from the phosphate-limiting minimal medium plate and then transferred to 5ml 
phosphate-limiting minimal liquid medium in a test tube. The test tube was 
incubated in a shaking incubator at 3 (PC and 200 rpm for 1 day. One ml of the 
overnight culture was inoculated to the flask, incubated at 3 (PC with shaking 
at 200 rpm for additional 48 hours. Cells of Enterobacter sp. 4-2 were then 
harvested by centrifugation at 12,000 rpm for 10 minutes at with a GSA 
rotar in a Beckman centrifuge. The cell pellet thus cbtained was washed with 
distilled water and then resuspended in lOmM Tris (pH 7). Ten ml of cell 
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Table 5. Conditions to grow to achieve maximal nickel removal by the 
immobilized cells of Enterobacter sp. 4-2 (Kwok, 1990) 
Parameters Conditions 
Medium Phosphate-limiting minimal 
medium 
Glucose concentration 0.4% 
Incubation temperature SO^C 
Incubation time 48 hours 
26 
suspension was dried to constant weight at IO50C overnight in a pre-weighed 
aluminium cup. The remaining cell suspension was used for immobilization. 
2.4 Immobilization of the bacterial cells on magnetites 
Immobilization of the bacterial cells was performed in jar test in 
which 250ml plastic beaker was used. About 50mg (dry weight) of the 
harvested bacterial cells were suspended in 100ml Tris (pH 7). Absorbance at 
520mn was measured. Five hundred mg magnetites (Aldich) were then added 
into the cell suspension and shaken at 220 rpm for 10 minutes at room 
temperature. The mixture was then settled with a magnet for 5 minutes and the 
decanted supernatant was measured at absorbance 520imi again to determine 
the percentage of cells adsorbed on the magnetites. The bacterial cells 
immobilized on the magnetites could be used for the nickel ion uptake 
experiments. 
2.4.1 Effects of chemical and physical factors on the immobilization of the 
bacterial cells on magnetites 
In order to determine the optimal conditions for the immobilization, 
cells to magnetites ratio and effects of pH and temperature were determined. 
50mg bacterial cells were used throughout the experiments. For pH, Tris 
buffers of pH 4，5，6，7, 8 and 9 were used. The cells to magnetites ratios 
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tested were 1:1，1:5，1:10，1:20，1:50 and 1:100. Adsorption of bacterial cells 
onto magnetites was determined at temperature of about 25^C, 37^C, 45^0 or 
550c. Procedures mentioned in Section 2.4 were used to determine effects of 
these parameters on the adsorption of bacterial cells onto magnetites. 
2.4.2 Effect of pH on the desorption of cells from magnetites 
Bacterial cells were immobilized on magnetites as mentioned in 
Section 2.4. The desorption of bacterial cells from magnetites was tested in 
Tris buffer with pH of 5，6，7，8，9 or 10. One hundred ml of the Tris buffer 
with different pH was added into the cell-magnetite complexes. The mixture 
was incubated at 25^C with shaking at 220 rpm for 10 minutes, and then settled 
by a magnet for 5 minutes. In order to determine the percentage of cells 
desorbed from the magnetites, the absorbance of the supernatant was measured 
at 520nm. 
2.5 Nickel ion uptake experiments 
The magnetite-immobilized bacterial cells were mixed with 20ml 
lOOppm Ni2+ solution. Controls included lOOppm Ni2+ alone, lOOppm Ni2+ 
mixed with magnetites only, and lOOppm Ni2+ mixed with bacterial cells only. 
The controls and treatments were kept at 25^C for 30 minutes with shaking at 
100 rpm. They were then settled with a magnet for 5 minutes. For the control 
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with bacterial cells only, the bacterial cells were collected by the centrifuge at 
12，000 rpm for 10 minutes at The supernatant was decanted into the acid-
washed vials and diluted to ten folds. The concentration of Ni2+ in the 
supernatant (Tris buffer) was determined by atomic absorption 
spectrophotometry. 
For the atomic absorption spectrophotometric detection, calibration 
curve measurement was used. A standard solutions of the Ni2+ (from 0 to 
lOppm) were prepared. The absorbance value of the sample was compared 
with the standards and fitted into the standard curve to determine the actual 
concentration of the Ni2+. 
2.6 Effects of operational conditions on the nickel removal capacity of 
the magnetite-immobilized bacterial cells 
Jar tests with 250ml plastic beakers were performed under laboratory 
conditions. One hundred ppm N i � . in Tris buffer was used. Removal capacity 
(RC) was defined as mg Ni2+ removed/g immobilized dry cell. The 
concentration of the Ni2+ was determined as mentioned in the nickel ion uptake 
experiments. 
2.6.1 Effect of physical factors 
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Effects of reaction temperature (10，25, 30，37，45 and 55oC) and 
retention time (3，5, 10，20, 30，60，90 minutes) on the nickel removal capacity 
of magnetite-immobilized bacterial cells were determined. 
2.6.2 Effect of chemical factors 
Effects of the pH of Ni2+ containing buffer (pH 4，5，6，7，8，and 9)， 
presence of cations such as Zn^^ZnCy�Cu2+(CuCl2.2H20)�Ci^+CKjCrjO^), 
and presence of anions such as SO^CKjSO*) and Cl-(KCl) on the Ni2+ removal 
capacity of the magnetite-immobilized bacterial cells were also determined. 
2.7 Optimization of the nickel removal efficiency 
Removal efficiency (RE) was defined as the percentage mg Ni2+ 
removed/mg Ni2+ added. In order to increase the nickel removal efficiency, 
more bacterial cells were used; and 35mg, 50mg, 75mg and 90mg of the 
bacterial cells were immobilized on magnetites. The same cells to magnetites 
ratio (i.e. 1:10) was used for this study. Reaction conditions and the 
determination of the Ni2+ concentration were the same as those in the nickel 
ion uptake experiments. 
2.8 Nickel adsorption isotherm of the magnetite-immobilized cells 
of Enterobacter sp. 4-2 
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The Freundlich adsorption isotherm equation (O'Connor et al” 1983) is 
expressed as : 
Log RC = Log K + n Log C 
where RC = removal capacity 
K, n = empirical constant 
C = equilibrium concentration of metal ion in solution 
Various concentrations of Ni2+ (10，50，100 and 150ppm) in the Tris 
buffer were added into the immobilized cells oiEnterobacter sp. 4-2. The Ni2+ 
removal capacities of the magnetite-immobilized bacterial cells in different 
concentration of Ni2+ were determined in order to study whether the adsorption 
isotherm can be described by the Freundlich equation. 
2.9 Recovery of adsorbed NP""" from the magnetite-immobilized cells 
of Enterobacter sp. 4-2 
In order to recover the adsorbed Ni2+ from the magnetite-
immobilized cells of Enterobacter sp. 4-2, eluting solutions such as O.IM 
hydrochloric acid HCl (pH 4)，O.IM ethylenediaminetetraacetic acid EDTA 
(pH 4.6) and 0.5M citrate buffer (pH 4) were used. Twenty ml of each tested 
eluting solution was added into the Ni2+-cell-magnetite complexes. The 
mixture was then incubated at room temperature with shaking at 100 rpm for 
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10 minutes or 30 minutes. The concentration of desorbed Ni2+ was determined 
as that mentioned in the nickel ion uptake experiments. 
Aliquots of supernatant collected from the removal and recovery 
processes were spread on NB plates. The objective of this step was to 
determine whether immobilized cells of Enterobacter sp. 4-2 would not be 
desorbed from magnetite during these processes. The spreaded NB plates were 
then incubated at 3 (PC for 2 days and number of colonies formed on the plates 
were recorded. 
2.9.1 Multiple adsorption-desorption cycles of Ni2+ by using citrate buffer 
From the results of recovery of Ni2+ from magnetite-immobilized 
cells，citrate buffer was the best eluting solution among the tested solutions 
(see Results Section). Therefore, it was used in the multiple adsorption-
desorption study. Cells of Enterobacter sp. 4-2 were immobilized on the 
magnetites under the optimal immobilization conditions determined in the 
present study. Immobilized cells were exposed to 20ml lOOppm Ni2+�and the 
Ni2+-cell-magnetite complexes were then eluted with 20ml 0.5M citrate buffer. 
The desorbed cell-magnetite complexes were then neutralized by 20ml lOmM 
Tris buffer (pH=7) before another adsorption cycle. The adsorption-desorption 
cycles were carried out for 5 times under the optimal removal and recovery 
32 
conditions determined previously. The nickel removal capacity and recovery 
of magnetite-immobilized cells were determined at each cycle. 
2.9.2 Multiple adsorption-desorption cycles of Ni2+ by using 
ethylenediaminetetraacetic acid (EDTA) 
Same procedures mentioned in Section 2.9.1 were employed except 
0. IM EDTA (pH 4.6) was used instead of 0.5M citrate buffer (pH 4). 
2.10 Effect of acidic treatment 
2.10.1 Effect of acidic treatment on the nickel removal capacity of the 
magnetites and the magnetite-immobilized cells of Enterobacter sp. 
4-2 
Prior to the addition of the lOOppm Ni2+ to detect the removal 
capacity, magnetites and the magnetite-immobilized bacterial cells were treated 
with 0.5M citrate buffer (pH 4) for 30 minutes. The magnetites and magnetite-
immobilized bacterial cells were then washed by Tris buffer (pH=7) and then 
the nickel ion uptake experiments were performed. Non-acid treated 
magnetites and non-acid treated magnetite-immobilized bacterial cells were 
included as controls. For the immobilized bacterial cells, Ni2+ RC was 
determined at different time intervals (3，5，10, 20 and 30 min.) for 30 minutes. 
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The determination of the concentration of Ni2+ was same as that mentioned in 
Section 2.5. 
2.10.2 Effect of acidic treatment on the recovery of the adsorbed Ni2+ from 
the magnetites and the magnetite-immobilized cells of Enterobacter 
sp. 4-2 
The acid-treated magnetites and acid-treated magnetite-immobilized 
bacterial cells, after performing the nickel removal tests as mentioned in 
Section 2.10.1, were used for this experiment. They were eluted with 20ml 
0.5M citrate buffer (pH 4) after the nickel ion uptake experiments. Non-acid 
treated magnetites and non-acid treated magnetite-immobilized bacterial cells 
were also included as controls. The recovery conditions used were shaking at 
100 rpm and 25^C. The amount of nickel recovered was determined by the 
method mentioned in Section 2.5. 
2.11 Removal and recovery of Ni2+ from the electroplating 
effluent 
Effluent of an electroplating factory in Hong Kong was collected 
from the nickel rinsing bath. Its pH and heavy metal concentrations were 
determined by standard methods. The effluent with original pH，and the 
effluent with pH adjusted to 6, 7 and 8 by adding concentrated potassium 
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hydroxide (KOH) were used in the nickel removal and recovery tests by the 
magnetite-immobilized cells of Enterobacter sp. 4-2. Two adsorption-
desorption cycles were attempted and the removal and recovery conditions 
were same as those described previously. The concentrations of Ni2+ in both 
the removal and recovery processes were determined as that described in 
Section 2.5. 
All the above mentioned experiments were carried out in triplicates. 
Oneway ANOVA with P< 0.05 followed by multiple comparison test (Duncan 
test) were used as the statistical tests. For the comparison between two groups 
only, student's t-test was used. 
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3. Results 
3.1 Effect of chemical and physical factors on the immobilization of 
the bacterial cells on magnetites 
3.1.1 Effect ofpH 
Effect of pH on the immobilization of the bacterial cells on 
magnetites was shown in Figure 3. From pH 4 to 6，the percentage of cells 
immobilized on magnetites were high. Close to 90% of bacterial cells were 
adsorbed on magnetites. However, the percentage of bacterial cells adsorbed 
on magnetites decreased from pH 6 to 9. At pH 9, only 20% of the bacterial 
cells were adsorbed onto the magnetites. 
3.1.2 Effect of cells to magnetites ratio 
Effect of cells to magnetites ratio on the immobilization of bacterial 
cells on magnetites was shown in Figure 4. The percentage of cells adsorbed 
on magnetites increased as cells to magnetites ratio increased. At 1:1 and 1:5 
ratio, the percentages of bacterial cells adsorbed on magnetites were low. At 
1:10 ratio, the percentage of bacterial cells adsorbed on magnetites was about 
80%. For the ratios larger than 1:20, the percentage of bacterial cells adsorbed 
on magnetites was about 100%. 
When the cells to magnetites ratio of 1:20 was used, effect of pH on 
the immobilization of the bacterial cells on magnetites was not significant. The 
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Figure 3. Effect of pH on the adsorption of cells of Enterobacter sp. 4-2 on 
magnetites. Cells:magnetites ratio is 1:10 (dry weight basis). 
Each point represents the mean value土standard error of 
triplicates. Statistically identical groups are marked by the same 
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Figure 4. Effect of cells magnetites ratio (dry weight basis) on the 
adsorption of cells of Enterobacter sp. 4-2 on magnetites. Each 
error bar represents the mean value土standard error of triplicates. 
Statistically identical groups are marked by the same number of 
asterisks. 
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percentages of the bacterial cells adsorbed on magnetites under different pH 
values were all over 90% (Figure 5). 
3.1.3 Effect of temperature 
Effect of temperature on the immobilization of the bacterial cells on 
magnetites was shown in Figure 6. Results in the present study indicated that 
magnetites decreased as temperature increased. At IS^C, the percentage of 
bacterial cells adsorbed on the magnetites was the highest (close to 90%). 
However the percentage of bacterial cells adsorbed on magnetites gradually 
decreased as temperature increased. At 55^0, only 60% of the bacterial cells 
were immobilized on magnetites. 
From the study on effects of pH，cells to magnetites ratio and 
temperature, the optimal conditions for the immobilization of the bacterial cells 
on magnetites were summarized in Table 6. 
3.2 Effect of pH on the desorption of cells from magnetites 
Effect of pH on the desorption of the bacterial cells from magnetites 
was shown in Figure 7. The percentages of bacterial cells desorbed from 
magnetites were low (below 10%) at all pH tested (i.e. pH 5 to 10). There was 
no statistically significant differences between percentage of cells desorbed 
from magnetites at different pH. 
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Figure 5. Effect of pH on the adsorption of cells of Enterobacter sp. 4-2 on 
magnetites. Cells magnetites ratio is 1:20 (dry weight basis). 
Each point represents the mean value土standard error of 
triplicates. 
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Figure 6. Effect of temperature on the adsorption of cells of Enterobacter 
sp. 4-2 on magnetites. Cells:magnetites ratio is 1:10 (dry weight 
basis). Each point represents the mean value土standard error of 
triplicates. Statistically identical groups are marked by the same 
number of asterisks. 
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Table 6. Optimal conditions for the adsorption of cells of Enterobacter sp. 
4-2 on magnetites 
Parameters Optimal conditions 
Buffer Tris 
pH < 6.5 
Temperature 25^0 
Cells magnetites ratio >1:20 
42 
100 
一 8 0 _ M 
0 




t 20 -n o 
兰 0 一 • • • • * o 
。 I I I I I I 4 5 6 7 8 9 10 11 
pH 
Figure 7. Effect of pH on the desorption of cells of Enterobacter sp. 4-2 
from magnetites. Cells:magnetites ratio is 1:10 (dry weight 
basis). Each point represents the mean value土standard error of 
triplicates. 
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3.3 Nickel ion uptake experiments 
Result of Ni2+ uptake in the present study was shown in Table 7. 
Magnetites alone removed minimal amount of Ni2+ (RC=0.34mg/g magnetite). 
On the other hand, the magnetite-immobilized cells of Enterobacter sp. 4-2 
could remove more Ni2+ (RC=18.5mg/g immobilized dry cell) than the free 
cells of Enterobacter sp. 4-2 (RC=13.0mg/g dry cell). 
3.4 Effects of operational conditions on the nickel removal capacity of 
the magnetite-immobilized bacterial cells 
3.4.1 Effect of reaction temperature 
Effect of reaction temperature on the Ni2+ of the magnetite-
immobilized cells of Enterobacter sp. 4-2 was shown in Figure 8. For the 
temperature tested, i.e. 10，25，30，37，45 and 55^0, the removal capacity of the 
immobilized cells of Enterobacter sp. 4-2 changed slightly with the increase in 
temperature. At lO^C the Ni2+ RC of magnetite-immobilized cells was about 
17mg/g, while at 55^C the Ni2+ RC was about 20mg/g immobilized dry cell. 
However, the removal capacities at various temperatures were not significantly 
different. 
3.4.2 Effect of retention time 
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Table 7. Nickel removal capacity of magnetites, free bacterial cells and 
magnetite-immobilized bacterial cells oiEnterobacter sp. 4-2 
Adsorbent Removal capacity (RC) 
500mg magnetites 0.34mg/g magnetite 
50mg free bacterial cells 13.0mg/g dry cell 
5 Omg bacterial cells 18. 5mg/g immobilized dry cell 
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Figure 8. Effect of temperature on the nickel removal capacity of the 
magnetite-immobilized cells of Enterobacter sp. 4-2 (1:10 cells 
to magnetites ratio, pH 7 Tris and retention time=30inin. were 
used). Each point represents the mean value士standard error of 
triplicates. 
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Effect of retention time on the nickel removal capacity of the 
magnetite-immobilized cells of Enterobacter sp. 4-2 was shown in Figure 9. 
Nickel removal capacity of magnetite-immobilized cells increased significantly 
from the beginning (i.e. 0 minute) to 10th minute of the reaction. From 10th to 
30th minute, the Ni2+ removal capacity of magnetite-immobilized cells slightly 
increased. From 30th minute onward, the Ni2+ removal capacity of magnetite-
immobilized cells reached a constant level and remained at this level (20mg/g 
immobilized dry cell) until 90th minute. 
3.4.3 Effect ofpH 
Effect of pH of the Tris buffer on the nickel removal capacity of the 
magnetite-immobilized cells of Enterobacter sp. 4-2 was shown in Figure 10. 
Nickel removal capacity of magnetite-immobilized cells increased as the pH 
increased from 4 to 9. At pH 4, N i � . removal capacity of magnetite-
immobilized cells was only about 6mg/g; while at pH 7, the Ni2+ removal 
capacity of magnetite-immobilized cells became 20mg/g. From pH 7 to 9，the 
degree of increase in the nickel removal capacity of magnetite-immobilized 
cells was more prominent. Nickel removal capacity of magnetite-immobilized 
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Figure 9. Effect of retention time on the nickel removal capacity of the 
magnetite-immobilized cells of Enterobacter sp. 4-2 (1:10 cells 
to magnetites ratio, pH 7 Tris and 55^C were used). Each point 
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Figure 10. Effect of pH on the nickel removal capacity of the magnetite-
immobilized cells of Enterobacter sp. 4-2 (1:10 cells to 
magnetites ratio, retention time=30inin. and 5 5 � � w e r e used). 
Each point represents the mean value土standard error of 
triplicates. Statistically identical groups are marked by the same 
number of asterisks. 
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Table 8 summarized the optimal operational conditions such as 
reaction temperature, retention time and pH for the immobilized cells of 
Enterobacter sp. 4-2 to remove Ni2+ from aqueous solution. These conditions 
were used in the following experiments. 
3.4.4 Effect of the presence of cations 
Effects of cations (Zn� . �Cu2+ and Cr^+) on nickel removal capacity 
of magnetite-immobilized cells were shown in Figure 11. The presence of 
Zn2+ in the Tris buffer significantly reduced the nickel removal capacity of 
immobilized cells. The Ni2+ RC was lOmg/g which was about 50% of the 
control (i.e. without addition of zinc). 
Effects of cations in combinations on nickel removal capacity of 
immobilized cells were shown in Figure 12. Results in the present study 
indicated that cations in combinations in the Tris buffer did not reduce the 
nickel removal capacity. 
3.4.5 Effect of the presence of anions 
Effects of anions (SC^- and CI", alone or in combination) on nickel 
removal capacity of immobilized cells were shown in Figure 13. Results in the 
present study indicated that neither anions present alone nor in combinations 
could reduce nickel removal capacity of immobilized cells. 
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Table 8. Optimal operational conditions for the magnetite-immobilized cells 
oiEnterobacter sp. 4-2 to adsorb nickel 
Parameters Optimal conditions 
Temperature 25^C 
Retention time 20 minutes 
p H > 9 
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J ^ N"(lOOppm) 
2 0 - � N � 2+(100ppm)+ Zn^ (^18.3ppm) 
: � N � 2+(1。。ppm)+ Cr®^ (14.4ppm) 
O N UJJ} Ni"(lOOppm)+ Cu2+(3.5ppm) 
Q. N * � 15 
u o 2 0 - 丁 • • 
Figure 11. Effect of individual cations on the nickel removal capacity of the 
magnetite-immobilized cells of Enterobacter sp. 4-2 (1:10 cells 
to magnetites ratio, pH 7 Tris , retention time=30min. and 5 5 � � 
were used). Each error bar represents the mean value土standard 
error of triplicates. Statistically identical groups are marked by 
the same number of asterisks. 
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^ ^ ^ NIj^ (100ppm)+ Zn (18.3ppm)+ Cr (14.4ppm) 
= _ NI^ (^100ppm)+ Zn，+(1B.3ppm)+ CUj^ (3.5ppm) 
o HTD N、+(100ppm)+ Crj^ (14.4ppm)+ Cu^ (^3.5ppm) ^^  
^ _ I 1 Nl (100ppm)+ Zn (1B.3ppm)+ Cr (14.4ppm)-»- Cu (S.Sppm) 
rrrffrfi* 
" i i i i i 
Figure 12. Effect of cations in combination on the nickel removal capacity of 
the magnetite-immobilized cells of Enterobacter sp. 4-2 (1:10 
cells to magnetites ratio, pH 7 Tris, retention time=30inin. and 
550C were used). Each error bar represents the mean value士 
standard error of triplicates. Statistically identical groups are 
marked by the same number of asterisks. 
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。 � Nl^ *(100ppm)+ So/"(163.37ppm) 
^ 3 0 - ^ NI^ \lOOppm)+ C|-(60.35ppm) 
^ "O [HD N|2+(i00ppm)+ S0^ '^(163.37ppm)+ Cl_(60.35ppm) 
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Figure 13. Effect o f anions in combination or single on the nickel removal 
capacity o f the magnetite-immobilized cells of Enterobacter sp. 
4-2 (1:10 cells to magnetites ratio, pH 7 Tris，retention 
time=30inin. and 55^C were used). Each error bar represents the 
mean va lue士standard error of triplicates. Statistically identical 
groups are marked by the same number of asterisks. 
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3.5 Optimization of the nickel removal efficiency 
Effect of the different amounts of the magnetite-immobilized 
bacterial cells on nickel removal efficiency was shown in Figure 14. More 
immobilized bacterial cells were used, higher the removal efficiency was. The 
nickel removal efficiency increased to about 80% when 90mg of the 
immobilized bacterial cells were used. According to the results shown in 
Figure 14, the nickel removal efficiency of magnetite-immobilized cells wi l l 
only increase slightly even i f lOOmg of immobilized bacterial cells are used. 
Although nickel removal efficiency increased with the amount of the 
immobilized bacterial cells used, nickel removal capacity of magnetite-
immobilized cells was constant (i.e. 20mg/g immobilized dry cell). The 
relationship between nickel removal capacity of immobilized cells and amount 
of immobilized bacterial cells used was shown in Figure 15. 
3.6 Nickel adsorption isotherm of the magnetite-immobilized cells of 
Enterobacter sp. 4-2 
Figure 16 showed the Freundlich adsorption isotherm for nickel ion 
uptake by the magnetite-immobilized cells of Enterobacter sp. 4-2 over the 
concentrations ranged from 10 to 150ppm. The nickel adsorption isotherm of 
the m a g n e t i t e - immobi l ized cells was represented by the regression line with an 
r value equals to 0.98062. 
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Figure 14. Effect o f amounts of magnetite-immobilized cells on the nickel 
removal efficiency. Each point represents the mean value士 
standard error of triplicates. Statistically identical groups are 
marked by the same number of asterisks. 
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Figure 15. Effect o f amounts of magnetite-immobilized cells on the nickel 
removal capacity. Each point represents the mean value土standard 
error o f triplicates. Statistically identical groups are marked by 
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Figure 16. Freundlich isotherm for nickel uptake by magnetite-
immobilized cells of Enterobacter sp. 4-2 (r=0.98062 and 
y=0.5009x4-0.52514) . Each point represents the mean value士 
standard error of triplicates. 
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3.7 Recovery of adsorbed Ni2+ from the magnetite-immobilized cells 
of Enterobacter sp. 4-2 
Effects of different eluting solutions on the percentage recovery of 
the Ni2+ from the magnetite-immobilized cells of Enterobacter sp. 4-2 were 
shown in Figure 17. Among the three eluting solutions, citrate buffer (pH 4) 
could recover more NP+ than ethylenediaminetetraacetic acid (EDTA) and 
hydrochloric acid (HCl). Moreover, a longer elution time (i.e. 30 minute) 
would also increase the percentage recovery of Ni2+ from magnetite-
immobilized cells. Citrate buffer (pH 4) could recover 95% of the adsorbed 
Ni2+ when elution time was 30 minutes. When elution time was 10 minutes, 
only 80% of the adsorbed Ni2+ was recovered. 
Eluant (i.e. citrate buffer) was used to spread on NB plates. Cell 
count on the NB plates was shown in Table 9. 
3.7.1 Multiple adsorption-desorption cycles of Ni2+ by using citrate buffer 
Since citrate buffer has a higher ability to recover the adsorbed Ni2+ 
from m a g n e t i t e - immobi l ized cells, it was selected for the multiple adsorption-
desorption cycle study. The objective of this study was to determine the 
feasibility of the reuse of magnetite-immobilized cells to remove and recover 
the nickel ions. Figure 18 showed the results of multiple adsorption-desorption 
of Ni2+ by m a g n e t i t e - immobi l ized cells. The removal capacity of immobilized 
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120 p 
I I Elution time=10 minutes 
100 -
P K \ l Elution time=30 minutes r ^ ^ 
:8。一 + 
i 6。_ 广 、 终 ^ - [ f f i l i l i I 
HCI EDTA Citrate buffer 
Eluting solution 
Figure 17. Effects o f various eluting solutions on the recovery of nickel ions 
from magnetite-immobilized cells o f Enterobacter sp. 4-2. Each 
error bar represents the mean value土standard error o f triplicates. 
Statistically identical groups between elution time are marked by 
the same number o f circles, crosses or asterisks. 
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Table 9. Number of bacterial colonies on the N B agar plates^ (Concentrations 





a : Colony Forming Unit (CFU) 
b : Before spreading plate, 1000 fold dilution of the supernatant was made. 
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Figure 18. Removal and recovery of NP^ in multiple adsorption-desorption 
cycles by using citrate buffer. Each error bar represents the mean 
value士standard error of triplicates. Statistically identical groups 
between cycles are marked by the same number of asterisks or 
circles. 
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cells of 2nd cycle to 5th cycle (50mg/g) was significantly higher than that of 
the 1st cycle (22mg/g). However, the recovery of Ni2+ at 2nd cycle to 5th 
cycle (less than lOmg Ni2+ recovered) was significantly lower than that of the 
1st cycle ( 20 mg Ni2+ recovered). 
3.7.2 Multiple adsorption-desorption cycles of Ni2+ by using 
ethylenediaminetetraacetic acid (EDTA) 
Since the results from multiple adsorption-desorption cycles of Ni2+ 
by using citrate buffer was not satisfactory, EDTA was used to replace citrate 
buffer. Figure 19 showed the results of multiple adsorption-desorption cycles 
of Ni2+ by using EDTA. However, results in the present study indicated that 
removal capacity and recovery of Ni2+ from magnetite-immobilized cells by 
using EDTA were similar to those in using citrate buffer. 
3.8 Effect of acidic treatment 
3.8.1 Effect of acidic treatment on the nickel removal capacity of the 
magnetites and the magnetite-immobilized cells of Enterobacter sp. 
4-2 
Effect of acidic (citrate buffer, pH 4) treatment to the cell-magnetite 
complexes on the nickel removal capacity of the m a g n e t i t e- immobi l ized cells 
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Figure 19. Removal and recovery o f NP^ in multiple adsorption-desorption 
cycles by using EDTA. Each error bar represents the mean value 
土standard error o f triplicates. Statistically identical groups 
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Figure 20. Effect o f acidic treatment on the nickel removal capacity of the 
magnetite-immobilized cells of Enterobacter sp. 4-2. Each point 
represents the mean value土standard error o f triplicates. 
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minutes，Ni2+ removal capacity of magnetite-immobilized cells increased with 
time in the control (i.e. no acidic treatment). However, the Ni2+ removal 
capacity of magnetite-immobilized cells was independent of time in the 
immobilized cells with acidic treatment. Ni2+ removal capacity of magnetite-
immobilized cells was maintained at 30mg/g immobilized dry cell which was 
much higher than that in the control (no acidic treatment). Figure 21 showed 
the effect of acidic treatment on the nickel removal capacity of the magnetites. 
Magnetites with acidic treatment also resulted in a higher nickel removal 
capacity. The increase in Ni2+ removal capacity of magnetites was about 5 fold 
higher than that of the control. By comparing Figures 21a and 21b, acidic 
treatment increased nickel removal capacities of magnetites and cells of 
Enterobacter sp. 4-2 immobilized on magnetites. 
3.8.2 Effect of acidic treatment on the recovery of the adsorbed Ni2+ from 
the magnetites and the magnetite-immobilized cells of Enterobacter 
sp. 4-2 
Effect of acidic treatment on the recovery of the adsorbed Ni2+ was 
shown in Figure 22. Although removal capacity was much higher in both cell-
magnetite complexes and magnetites with acidic treatment, recoveries of nickel 
from these acidic treated adsorbents were much lower than those without acidic 
treatment. Over 90% of the adsorbed Ni2+ could be recovered from the non-
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Figure 21. Effect of acidic treatment on the nickel removal capacities of 
magnetites(a) and the magnetite-immobilized cells of 
Enterobacter sp. 4-2(b). Each error bar represents the mean 
value土standard error of triplicates. Statistically identical groups 
are marked by the same number of asterisks. 
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Figure 22. Effect of acidic treatment on the removal and recovery of Ni2+ 
by magnetites(a) and magnetite-immobilized cells of 
Enterobacter sp. 4-2(b). Each error bar represents the mean 
value土standard error of triplicates. Statistically identical groups 
are marked by the same number of asterisks or circles. 
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acidic treated adsorbents, while only 20% of adsorbed Ni2+ could be recovered 
from the acidic treated adsorbents. 
3.9 Removal and recovery of NP^ from the electroplating effluent 
Heavy metal concentrations in the electroplating effluent were 
shown in Table 10. pH value of the sample was 1.82. Nickel removal and 
recovery by magnetite-immobilized cells from the electroplating effluent at 
various pH were shown in Figure 23. Higher the pH, greater the nickel 
removal capacity of magnetite-immobilized cells would be. Moreover, the 
nickel removal capacity of magnetite-immobilized cells of 2nd adsorption-
desorption cycle was significantly greater than that of 1st cycle in various pH. 
In addition, close to 100% of the adsorbed Ni2+ could be recovered at the 1st 
adsorption-desorption cycle in various pH, while the recovery of nickel at the 
2nd cycle was much lower in tested samples with various pH. 
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Table 10. Concentrations of heavy metals in the electroplating effluent^ 
collected from the nickel rinsing bath of a local electroplating 
factory in Hong Kong 





a : p H of the sample is 1.82 
b : non detectable 
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Figure 23. Removal and recovery of Ni2+ from electroplating effluent by the magnetite-
immobilized cells of Enterobacter sp. 4-2 in two adsorption-desorption cycles. 
The electroplating effluent was adjusted to various pH prior to the experiment. 
Each bar represents the mean value�standard error of triplicates. Statistically 
identical groups between different cycles are marked by the same number of 
asterisks or circles. 71 
4. Discussion 
4.1 Selection of the organisms 
In the present study, Enterobacter sp. 4-2 was chosen as the nickel 
accumulating bacteria to remove nickel from aqueous solution and 
electroplating effluent. The possible mechanisms of nickel removal by this 
bacteria had been discussed by Kwok (1990). Beside Enterobacter sp. 4-2, a 
number of bacteria such as Pseudomonas sp. could accumulate nickel by 2% of 
its dry weight (Bordons and Jofre, 1987) and Zoogloea sp. was reported to 
accumulate nickel by 13% of its dry weight (Friedman and Dugan, 1968). I f a 
bacterium with higher nickel accumulating ability is used, the removal capacity 
would be expected to be higher. Although Enterobacter sp. 4-2 was the 
bacterium that have the highest nickel removal capacity among the bacterial 
strains isolated in our laboratory, continuous screening for bacteria which have 
higher nickel accumulating ability should be performed. 
4.2 Effects of chemical and physical factors on the immobilization of 
the bacterial cells on magnetites 
4.2.1 Effect of pH 
Effect of pH on the adsorption of bacterial cells onto magnetites 
indicates that the pH effect was dependent on the isoelectric point of 
magnetites. Since the isoelectric point of magnetites is about pH 6.5 (Gregory 
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er al., 1988), it was not surprised to find a higher percentage of cells adsorbed 
on the magnetites at pH values lower than 6.5 (i.e. from pH 4-6). It is because 
at that pH, magnetites were positively charged while the bacterial cells were 
negatively charged. The actual value of the isoelectric point of the magnetites 
depends on its purity as well as cleanliness (Gregory et al., 1988). At certain 
instances, e.g. when electrolytes and hardness cations were present, the 
isoelectric point of magnetites might be different (MacRae and Evans, 1983; 
Gregory et al., 1988). In fact, the pH of the solution does not have to be low 
enough to ensure a positive zeta potential for the magnetites, provided that it is 
low enough to provide enough positively charged sites on the magnetites for 
the interaction with negatively charged bacterial cells (Gregory et al., 1988). 
Results in the present study indicate that Tris buffer with suitable pH 
can be used as the suspending solution for the immobilization of the bacterial 
cells on magnetites and could be used to replace the suspending fluid suggested 
by MacRae (1983) in the typical immobilization of bacterial cells on 
magnetites. Since the working pH range of the Tris buffer is from 7 to 9, and 
there is an acceptable good adsorption (about 80%) of the bacterial cells on 
magnetites at pH 7. Therefore, Tris buffer with pH of 7 was chosen in this 
study for immobilization of bacterial cells onto magnetites. 
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4.2.2 Effect of cells to magnetites ratio 
Results in the present study indicate that the higher the cells to 
magnetites ratio, the more complete was the adsorption of bacterial cells on 
magnetites (Figure 4). However, a compromise must be made between the 
actual amount of the magnetites used and its effect exerted because the cost of 
magnetites must also be taken into account. In fact, the specific surface area of 
the magnetite is very important in the process. This is why magnetites used has 
been finely sized. Thus, the more the amount of the magnetites used, the 
greater wi l l be the surface area provided by the magnetites, and hence more 
bacteria could be adsorbed on the magnetites. This explained why the 
percentage of bacterial cells adsorbed on the magnetites increased with the 
cells to magnetites ratio used. 
Results in Figure 4 indicated that doubling the amount of magnetites 
used (from 1:10 ratio to 1:20 ratio) only increased the adsorption of cells onto 
magnetites for about 20%. However, the increase in the cost of doubling the 
magnetites used is far more than 20%. Moreover, 1:20 of cells to magnetites 
ratio seemed to cover the pH effect on the adsorption of bacterial cells onto 
magnetites (Figure 5). Therefore excess amount of magnetites used wil l reduce 
the effects of pH and/or other physico-chemical factors. Based on these 
results, 1:10 of cells to magnetites ratio was used in the following experiments. 
74 
4.2.3 Effect of temperature 
In order to explain the effect of temperature on the immobilization of 
bacterial cells onto magnetites, the chemistry of magnetites should be 
understood because it is very likely that temperature wi l l affect the physical 
and chemical properties of magnetites such as the solubility in aqueous 
solution, rather than affect the cells of the Enterobacter sp. 4-2. 
Magnetites may be regarded as a copolymer of hydroxides of 
iron(III) and iron(II), i.e. as a ferroferrite whose components are present in a 
definite ratio which is determined by the sterical characteristics of the crystal 
lattice. It was reported that the bond strength of these hydroxides were 
different. For example, the bonds of the bivalent iron were more easily 
hydrolyzable. When the reaction temperature is increased, more energy wi l l be 
available for the hydrolysis of these iron oxides. Thus the increase of 
temperature may result in the change of the surface structure of the magnetites 
and hence affect the interactions between the bacterial cells and the magnetites. 
Results in the present study indicated that the highest adsorption of 
bacterial cells on magnetites was found at 25^C. This results indicated that no 
extra energy was required in the process of immobilization. Apart from the 
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benefit of convenience, it is also economic. Therefore immobilization of 
bacterial cells on magnetites was carried out at 
4.2.4 Effect of pH on the desorption of cells from magnetites 
In general, regeneration of the magnetites could be achieved by 
adding alkali. It is because in an alkaline condition, there wi l l be a reverse in 
the interactions between the adsorbed cells and magnetites. However, results 
in the present study indicated that once bacterial cells were adsorbed on the 
magnetites, they were difficult to be desorbed from magnetites by just treating 
with an alkaline solution. Addition of alkaline solution is to provide a large 
concentration of strongly competing anions, which exchange with the more 
soluble organic species adsorbed on the magnetite surface. However, bacteria 
belong to the group of biocolloids. The interactions between colloids and 
magnetites is actually heterocoagulation which may be stronger. Release of the 
colloidal matter is more difficult and requires assistance from both the 
mechanical and magnetic forces of the rotating magnetic drum separators and 
the hydrodynamic forces of the washing stages (Dixon and Kolarik, 1990). 
Demagnetization (oscillating of the particles in an electric field) may enhance 
the separation of the attached colloidal matter from the magnetite surface 
(Kolarik, 1983). 
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Based on the above mentioned-information, it is not difficult to 
understand why pH (even at very acidic and alkaline pH) wi l l have so little 
effect on the desorption of the bacterial cells from magnetites. Together with 
the results in Table 9，there is evidence that very little amount of the bacterial 
cells could be desorbed once after they interacted with the magnetites. In the 
present study, the difficulty of desorption of bacterial cells from magnetites 
actually provided an advantage for using bacterial cells as adsorbent to remove 
nickel ions from aqueous solution. I f large amount of the bacterial cells were 
desorbed during the recovery of nickel adsorbed onto bacterial cells by 
washing with acidic solution, the magnetite-immobilized cells could not be 
reused. 
In fact, the extent of the interactions between bacterial cells and 
magnetites depends upon physical and chemical factors such as pH, ionic 
strength, hardness, competing colloids, agitation，polyelectrolyte dose，solids 
ratio and magnetite pretreatment (Dixon and Kolarik, 1990). Only those 
factors critical in the removal and recovery of nickel by magnetite-immobilized 
cells were discussed in the present study. Results in other studies indicated 
that the presence of Ca2+ and Mg2+ wi l l enhance bacterial adsorption on 
magnetites, and the addition of a polyelectrolyte could enhance the adsorption 
of bacterial cells onto magnetites when lower levels of magnetites were used. 
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However, extensive pretreatment of the magnetites did not enhance the 
adsorption of bacterial cells from suspension (MacRae and Evans, 1983). 
4.3 Nickel ion uptake experiments 
First of all, it should be stressed that in a given microbial system, 
several mechanisms may operate simultaneously or in sequence to accumulate 
heavy metals (Gadd, 1988). However, microbial metal uptake can often be 
divided into two main phases. The first phase is the generally rapid 
metabolism-independent binding phase while the second is the slower 
metabolism-dependent transport across the cell membrane. The term 
"adsorption" is often used to describe the metabolism-independent uptake or 
binding of heavy metals to microbial cell walls and other extracellular surfaces. 
This is the main mechanism used by the bacterial cells of Enterobacter sp. 4-2 
to remove the nickel ions. A more detailed discussion can be referred to the 
previous study (Kwok, 1990). 
Magnetites also take up small amount of nickel ions by adsorption. 
The adsorption of nickel ions onto the surfaces of the magnetites depends on 
the isoelectric point of magnetites. At pH 7，which is close to the isoelectric 
point of magnetites (i.e. 6.5)，the number of negatively charged sites resulted in 
the magnetites' surfaces are slightly more than the number of positively charged 
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sites. Hence, a minimum amount of the positively charged nickel ions could 
adsorb on the negatively charged sites of the magnetites. This explained the 
great difference of the nickel removal capacities between the free bacterial cells 
and magnetites (Table 7). 
On the other hand, when the bacterial cells were immobilized on 
magnetites, the nickel removal capacity (RC) increased. The nickel RC of cell-
magnetite complexes was larger than that of the free bacterial cells. This 
results might be explained as following: even bacterial cells were freely 
suspended in the Tris buffer, they might be aggregated into small floe. The 
total surface area of the aggregated bacterial cells for nickel adsorption would 
decrease. However, as bacterial cells were immobilized on magnetites, the 
process of immobilization enhanced the bacterial cells to disperse uniformly on 
the surface of the magnetites. The immobilization wi l l increase the total 
surface area of the bacterial cells to remove nickel ions as compared with the 
aggregated bacterial cells. Moreover, there may be structural changes on the 
bacterial cell surface which were induced by the magnetites. Consequently, the 
nickel removal capacity of the immobilized bacterial cells would be greater 
than that of the free bacterial cells. 
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In addition, Nakajima et a l (1982) and Gadd (1988) reported that 
immobilized bacterial cells have better mechanical stability and immobilization 
can be used for large-scale application. 
4.4 Effects of operational conditions on the nickel removal capacity of 
the magnetite-immobilized bacterial cells 
4.4.1 Effect of reaction temperature 
For the magnetite-immobilized cells of Enterobacter sp. 4-2， 
metabolism-independent biosorption may be the most significant proportion of 
the total uptake of nickel ions. By definition, metabolism-independent 
accumulation is unaffected by metabolic inhibitors, modest ranges of 
temperature (0-3O^C), uncouplers, or light/dark cycles (Trevors et al., 1986). 
Over modest ranges of temperature from 4-3O^C, fungal biosorption is 
relatively unaffected (Norris and Kelly, 1977; de Rome and Gadd, 1987). 
However, by increasing the temperature to SO^C, enhanced uranium uptake in 
various fungal systems have been reported (Shumate et a l , 1978; Strandberg et 
al； 1981; Tsezos and Volesky, 1981). This phenomenon was also observed in 
the nickel uptake by the magnetite-immobilized cells of Enterobacter sp. 4-2 in 
the present study. At temperature 10，25, and 30^0, the nickel removal capacity 
remained unaffected and the RC value was about the same (i.e. 17mg Ni2+/g 
immobilized dry cell). However when the reaction temperature was increased 
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to 550c, an enhanced nickel uptake was obtained (Figure 8). Although no 
significant difference of Ni2+ RC was found between different reaction 
temperatures, 55^C was applied in the following experiments of the present 
study. However, it should be noted that reaction carried out even at room 
temperature (i.e. with no need of supply of extra energy), the removal of 
nickel ions was not significantly different from that at 55oC. The operation of 
nickel removal at room temperature wi l l save energy and reduce the cost. 
4.4.2 Effect of retention time 
The nickel uptake kinetics of the magnetite-immobilized cells of 
Enterobacter sp. 4-2 conformed to the general pattern of biphasic uptake. 
However, as nickel uptake by the cells of Enterobacter sp. 4-2 was 
metabolism-independent, the second stage of the slow uptake might be due to 
the result of permeation and diffusion of the nickel ions into the bacterial cells 
instead of active uptake (Gadd, 1988). From Figure 9，the first stage of rapid 
uptake by adsorption of the nickel ions onto the bacterial cells was completed 
about 30 minutes. Thus in a retention time of 10 minutes, most nickel ions 
could be adsorbed on the bacterial cells. This result indicated that magnetite-
immobilized cells of Enterobacter sp. 4-2 could quickly remove nickel ions 
from the aqueous solution. The short retention time offers a benefit when the 
81 
magnetite-immobilized cells of Enterobacter sp. 4-2 are applied in removal of 
nickel ions from industrial effluents. 
4.4.3 Effect ofpH 
At a low pH, nickel removal capacity of the magnetite-immobilized 
cells was low. It was because when the concentration of the hydrogen ions 
(H+) was increased, there was competition between the positively charged 
hydrogen ions (H+) and nickel ions (Ni2+) for the negatively charged binding 
sites on the cell walls of Enterobacter sp. 4-2. Since the chance for bacterial 
cell walls to adsorb nickel ions decreased at a low pH, the nickel removal 
capacity decreased. Similarly, low pH decreased the rates and the extent of 
metal biosorption onto fungal cells (Fuhrmaim and Rothstein, 1968; Gadd and 
Mowll , 1985). 
The nickel removal capacity of the magnetite-immobilized cells 
increased with increasing pH. It was because at a low pH，the solubility of 
nickel was high and the main chemical species of nickel exist as Ni2+. As the 
pH increased, various hydrolysis products of nickel might be formed. These 
hydrolysis products might have higher affinity than Ni2+ to adsorb onto 
bacterial cell walls, and lead to the higher nickel removal capacity. Although, 
no direct evidence of nickel adsorption by bacterial cells increased with 
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increasing pH was reported, the uptake of thorium (Tsezos and Volesky, 1981) 
and uptake of uranium (Tsezos and Volesky, 1982) increased with increaing 
pH in fungal cells have been well-documented. The ligands such as the 
carboxyl, phosphate and hydroxyl groups in the cell wall of fungi which 
involved in the metabolism-independent binding of metal ions were similiar to 
that of bacteria. Thus, effect of pH on the metal adsorption ability of their cell 
walls might be very similar. 
4.4.4 Effect of the presence of cations 
Inhibition of biosorption of heavy metals by magnetite-immobilized 
cells in the presence of other metals was determined in the present study. 
Usually monovalent alkaline metal ions such as L i + � N a + � K + are weak 
inhibitors while the divalent and trivalent metal cations such as Ca2+�Mg2+� 
Mn2+, Ni2+�Zn2+; AP+�Fe^^ are much stronger inhibitors (Gadd and White, 
1989; Faison et al., 1990). Since heavy metal uptake by Enterobacter sp. 4-2 
was not only specific to nickel (Kwok, 1990)，competition between the metal 
ions for the binding sites on bacterial cell walls might occur. Results in the 
present study indicated that the presence of Zn2+ strongly inhibited nickel 
removal capacity. This might be due to the high affinity of zinc ions to the 
binding sites on bacterial cell walls. Cu2+ and Cr^. also inhibited the removal 
of Ni2+ by the immobilized cells but the inhibition was not as strong as that of 
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Zn2+. It was because their affinities for the binding sites on bacterial walls 
were weaker than that of Zn2+�even still stronger than that of Ni2+. 
However, in the presence of a combination of cations, the reaction 
became much more complex. In the present study, nickel removal capacity of 
immobilized cells was not inhibited by the presence of a combination of 
cations, even though with the presence of Zn2+ (only at the concentrations that 
used in this experiment, at other concentrations, a further study is needed). 
This might be due to interference between each other of competing metal ions 
on the binding of Ni2+ onto bacterial cell walls. The inhibiting effect of metal 
ions was compensated, and no significant reduction in the nickel removal 
capacity was observed. On the other hand, the inhibiting effect of competing 
cation depends on their concentration. The higher the concentration of the 
competing ion is，the stronger wi l l be the inhibiting effect. In the present 
study, the mean concentrations of the heavy metals that commonly found in the 
electroplating effluent were used. This was to test whether the nickel removal 
by the magneti te-immobilized cells oi Enterobacter sp. 4-2 was also applicable 
in electroplating effluent. 
4,4.5 Effect of the presence of anions 
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Anions such as S O f and CI" are the major species present in the 
nickel electroplating baths. It is important to study the presence of these anions 
on the nickel removal capacity of magnetite-immobilized cells. The presence 
of these anions may affect the bacterial biosorption by precipitation of nickel 
ions and reduced the external free Ni2+ concentration for biosorption. Results 
in the present study indicated that the negatively charged anions could not 
compete with Ni2+ for binding sites individually or in combination, thus the 
presence of anions did not reduce the nickel RC of magnetite-immobilized 
cells. 
4.5 Optimization of the nickel removal efficiency 
Cell density of cell-magnetite complexes might affect biosorption of 
nickel. The Ni2+ RC of the magnetite-immobilized bacterial cells can be 
increased by incorporating more bacterial cells into the system (Macaskie and 
Dean, 1984). Results in Figure 14 indicated that the more the amount of the 
magnet i te-immobilized cells oi Enterobacter sp. 4-2 used, the higher the nickel 
removal efficiency was obtained. In spite of the fact that removal efficiency 
usually increase with the cell mass, a decrease in removal capacity was 
observed with increasing biomass concentration (Sakaguchi et a l , 1979; Kwok, 
1990). By comparing with the previous study (Kwok, 1990)，it was found that 
nickel removal capacity of cells immobilized on magnetites was better than that 
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immobilized by polyacrylamide. Although in both studies nickel removal 
efficiency increased with the increase of amount of immobilized bacterial cells, 
shielding effect exerted by the polyacrylamide on the bacterial cell surfaces 
and the difficulty in ion diffusion would result in a reduction in nickel removal 
capacity of the polyacrylamide immobilized bacterial cells. Using the open 
matrix system in magnetite-immobilized cells, these problems would be 
minimized. There was slight increase of nickel removal capacity when the 
cells immobilized on magnetites. Results in Figures 14 and 15 indicated that 
the optimal cell mass used for Ni2+ removal should be about 70mg. At this cell 
concentration, Ni2+ removal efficiency was about 70%. Based on the results in 
the present study, magnetite-immobilized cells is a better system than the 
polyacrylamide immobilized cells to remove and recover Ni2+ from aqueous 
solution. 
4.6 Nickel adsorption isotherm of the magnetite-immobilized cells of 
Enterobacter sp. 4-2 
The uptake kinetics of 柳+ by the magnetite-immobilized cells of 
Enterobacter sp. 4-2 could be represented by the Freundlich isotherm. Results 
in the present study suggested that there was a linear equilibrium relationship 
between the free metal concentration in solution and that bound to the cell 
surface. As Ni2+ uptake by bacteria cells could be well described by the 
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Freundlich isotherm, this result indicated that a biosorption process was the 
major mechanism to remove Ni2+ from aqueous solution by the immobilized 
cells. However, the linear relation of removal capacity and equilibrium 
concentration of Ni2+ was only studied for the concentration range of lOppm-
150ppm. Whether the Freundlich isotherm could also be fitted for the lower or 
higher equilibrium concentration of Ni2+ required further study. 
4.7 Recovery of adsorbed Ni2+ from the magnetite-immobilized cells 
oi Enterobacter sp. 4-2 
The efficiency of recovery of Ni2+ from immobilized cells depends 
on the mechanism of removal. I f the nickel uptake was metabolism-
independent surface biosorption, adsorbed nickel could be easily recovered by 
washing with acidic solution. However, i f the nickel uptake was metabolism-
dependent intracellular accumulation, the accumulated nickel would be very 
difficult to be recovered (Gadd, 1988). In the present study, 0. I M hydrochloric 
acid (pH 4)，O.IM disodium salt of ethylenediaminetetraacetic acid (pH 4.6) 
and 0.5M citrate buffer were used as the eluting solution (Macaskie et al., 
1987). Other common mineral acids such as sulphuric acid and nitric acid 
were not attempted in this study because their strong oxidizing capacity may 
affect the structural integrity of the cell wall of immobilized cells (Tsezos, 
1984). Figure 17 showed that the citrate buffer was the most effective eluant, 
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and about 95% of the adsorbed nickel could be recovered by washing with 
citrate buffer. This high percentage of recovery also supported that biosorption 
was the major mechanism to remove nickel from aqueous solution by the 
immobilized cells of Enterobacter sp. 4-2. 
What was happened to that 5% unrecoverable nickel ion? In fact, 
there are three types of adsorption. The first one is often called "exchange" 
adsorption which involves the attraction of positively charged ions to 
negatively-charged ligands in cell material (Brierley and Brierley, 1983). The 
second type of adsorption is called "physical" (or "ideal") adsorption which 
involves van der Waals forces and the adsorbed molecules can have 
translational movement within the interface (Weber, 1972). The third type of 
adsorption is called "chemical" (or "activated") adsorption which involves 
chemical attraction between the adsorbate and adsorbent (Weber, 1972). Most 
adsorptions involve all three types of mechanisms described above (Weber, 
1972). Moreover, Beveridge and Murray (1980) suggested that metal binding 
may be at least a two-stage process in which the first stage involving 
interaction between metal ions and reactive groups, and followed by the second 
stage of inorganic deposition of increased amounts of metal. This leads to the 
accumulation of greater than stoichiometric amounts of metals, and also means 
that such biosorption cannot be solely composed of ion-exchange phenomena. 
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Both ionic charge and covalent bonding are involved in the biosorption. This 
explained why little amount (i.e. 5%) of the adsorbed nickel could not be 
recovered because they were much more firmly adhered on the bacterial cell 
walls. 
Results in Figure 17 indicated that hydrochloric acid should not be 
used for recovery of Ni2+ because the recovery of nickel from immobilized 
cells was low. Citrate buffer was more effective than EDTA as eluant to 
recover Ni2+ from immobilized cells. Moreover, the cost of citrate buffer is 
also cheaper. Therefore the citrate buffer was selected for the recovery of 
nickel. The recovery time also played an important role in the extent of 
recovery of Ni】. from immobilized cells. The longer the recovery time, the 
higher would be the recovery. However, a recovery time of 30 minutes should 
be long enough for complete recovery. 
4.7.1 Multiple adsorption-desorption of Ni2+ 
Biotechnological applications of microbial cell for metal 
accumulation depend on the ease of metal recovery for subsequent reclamation. 
Non-destructive recovery may also be required for regeneration of the biomass 
for reuse in multiple biosorption-desorption cycles (Tsezos, 1984). In order to 
determine whether the magnetite immobilized cells of Enterobacter sp. 4-2 
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could be used in multiple cycles to remove and recover the nickel ions from 
aqueous solution with high efficiency, multiple adsorption-desorption of Ni2+ 
by using the citrate buffer was performed. However, results in Figure 18 
indicated that although nickel removal was greatly enhanced after 1st cycle, 
the nickel recovery was greatly reduced in subsequent cycles. As mentioned 
above，if the metal uptake was intracellular rather than surface adsorption, they 
would hardly be recovered. Therefore the higher amount of the nickel removal 
in 2nd to 5th cycles might due to the increase of intracellular accumulation. 
The same pattern of nickel removal and recovery was also observed in the 
multiple adsorption-desorption of Ni2+ by using EDTA (Figure 19). These 
results suggested that the immobilized cells of Enterobacter sp. 4-2 had a 
comparatively good removal and recovery of nickel ions from aqueous solution 
in the 1st cycle of the multiple adsorption-desorption cycles. 
Usually, intracellular uptake of metals are metabolism-dependent. 
However in the present study, no energy was supplied for the energy required 
metabolism process. Therefore the intracellular uptake of nickel might due to 
other mechanisms. The most possible one was that the cell permeability was 
altered during the regeneration of the bacterial cells by acidic citrate buffer. 
The increased membrane permeability resulted in the easy diffusion of the 
nickel ions into the cells and hence large amount of the nickel could be 
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accumulated inside the cells. These intracellular accumulated nickel were 
difficult to be recovered and this explained why after 1st cycle, nickel removal 
capacity was greatly enhanced while the nickel recovery was greatly reduced. 
However from 2nd to 5th cycles, the addition of the acidic citrate buffer or 
EDTA into the magnetite-immobilized cells, after 30 minutes of regeneration, 
the initially clear acidic solution would became turbid. This results suggested 
that some substance(s) was(were) washed out from the cell surface. Perhaps 
the extracellular polysaccharide, or slime layers of the Enterobacter sp. 4-2 
was washed away and this resulted in a higher membrane permeability for the 
nickel to go inside the cells. 
4.7.2 Effect of acidic treatment on the nickel removal capacity and recovery 
Results showed in Figures 18 and 19 indicated that nickel removal 
capacities were high at the 2nd to 5th cycles, while nickel recovery was low at 
the 2nd to 5th cycles as compared with those of the 1st cycle. The only 
difference between the 1st cycle and the 2nd cycle was the acidic treatment 
(i.e. the regeneration of the magnetite-immobilized cells by using pH 4 citrate 
buffer or pH 4.6 EDTA applied before the 2nd cycle). Therefore acidic 
treatment might change the mechanisms of nickel uptake by immobilized cells. 
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In order to study the effects of acidic treatment on nickel removal 
and recovery by magnetite-immobilized cells, acidic treatment by using pH 4 
citrate buffer was firstly applied before conducting nickel removal and 
recovery experiments. Results in Figure 20 indicated that magnetite-
immobilized cells without acidic treatment showed the same pattern of normal 
biosorption of nickel in a time course of 30 minutes. However, immobilized 
cells with acidic treatment had a higher nickel removal capacity even at the 
beginning of the removal process. In addition, magnetites with acidic treatment 
also had a higher nickel removal capacity (Figure 21a). But the increase in the 
nickel removal capacity in acidic treated magnetites was much smaller than that 
of acidic treated immobilized cells (Figure 21b). Therefore, acidic treatment 
might mainly affect the immobilized bacterial cells rather than the magnetites. 
Base on these results, it is possible to propose that cell permeability of the 
bacterial cells were altered by acidic treatment and hence resulted in the larger 
amount of intracellular accumulation of nickel. In the previous study (Kwok, 
1990)，regeneration of the bacterial cells by citrate buffer did not result in a 
higher nickel removal capacity. This might be due to the shielding effect of the 
polyacrylamide gel which acted as a protective layer to minimize the direct 
surface contact of the bacterial cells with the acidic buffer. As a result, only 
the adsorbed nickel ions were recovered. 
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I f the increase in the nickel removal capacity of the acidic treated 
magnetite-immobilized cells was really due to intracellular accumulation, then 
the accumulated nickel would hardly be recovered (Figure 22b). The small 
amount of the nickel that recovered in the acidic treated cells might be due to 
the small amount of the surface adsorbed nickel. Acidic treatment on 
magnetites might also tighten the adsorption of nickel on the magnetites 
surfaces because only a small amount of the adsorbed nickel could be 
recovered from the acidic treated magnetites; while almost all adsorbed nickel 
could be recovered from the non-acidic treated magnetites (Figure 22a). 
4.8 Removal and recovery of NP+ from the electroplating effluent 
Results in Figure 8 indicated that nickel removal capacity by the 
magnetite-immobilized cells was low at acidic pH; but as pH increased, nickel 
removal capacity of immobilized cells also increased. Since the pH of the 
electroplating effluent was only 1.82, nickel removal capacity by the 
immobilized cells should be very low at such an acidic solution. Therefore, the 
electroplating effluent was first adjusted to the more alkaline pH values in 
order to enhance the nickel removal by immobilized cells. The effluent was 
adjusted to pH 6，7 and 8. At pH 9，large amount of visible white precipitate 
was formed and so the effluent could not be adjusted to pH 9. 
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As expected, the higher the pH, the greater wi l l be the nickel 
removal capacity of the immobilized cells (Figure 23). This is because nickel 
may exist in the form of invisible precipitate which can adsorb on the binding 
sites more effectively. Recovery of nickel at the 1st cycle was also high 
because the mechanism of biosorption was used at this stage. However at the 
2nd cycle，nickel removal was increased at various pH. This might be due to 
the increased membrane permeability of the bacterial cells caused by the 
regeneration with acidic buffer so that intracellular uptake of nickel happened. 
But, nickel recovery was decreased at the 2nd cycle. Actually, similar pattern 
was observed in nickel removal and recovery as that in the 1st and 2nd cycle of 
multiple adsorption-desorption of nickel when Tris buffer was used. 
Therefore，it was expected similar results would be obtained in the following 
adsorption-desorption cycles. Results in Figures 23b, 23c, and 23d indicated 
that nickel removal capacity at pH 6, 7 and 8 at the 2nd cycle were similar, but 
the nickel recovery were increased with increasing pH. This might be 
explained by the fact that precipitate of nickel were adsorbed on the cell 
surface at the 2nd cycle. The more alkaline the pH, the more precipitates 
formed wi l l be adsorbed on the cell surface. During the regeneration of the 
magnetite-immobilized cells at the 2nd cycle, the surface adsorbed precipitate 
could be recovered. The more the precipitate adsorbed on cell surface, the 
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more of them could be recovered and hence the larger the amount of recovered 
nickel could be obtained. 
Electroplating effluent was heterogeneous in nature and the presence 
of pollutants in addition to heavy metals in the effluent mixture was reported 
(Higgins and Desher, 1986). These substances may interfere the nickel uptake 
by immobilized bacterial cells. However, results in the present study indicated 
that only little amount of heavy metals (zinc and copper) were present in the 
effluent. Therefore, it was very unlikely that the decrease in the nickel removal 
capacity and nickel removal efficiency was due to the presence of these 
cations. Other unknown components in the effluent may also interfere with the 
removal process. Also, the original nickel concentration in the effluent was 
lower than the lOOppm that was used throughout the experiment, as a result the 
nickel removal capacity and the nickel removal efficiency that detected were 
lower than that in the aqueous solution. 
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5. Conclusion 
From the results obtained in the present study, it can be concluded 
that magnetite-immobilized cells of Enterobacter sp. 4-2 could be used to 
remove nickel ions from aqueous solution (e.g. Tris buffer) and also from the 
electroplating effluent. However, the removal efficiency in the buffered 
system was larger than that in the heterogeneous natural effluent. In order to 
increase the nickel removal capacity in the effluent by the immobilized cells, 
adjustment of the effluent to be a more alkaline pH was needed i f the original 
pH of the effluent was too acidic. Moreover pretreatment of the effluent to 
remove other undesirable pollutants that may interfere with nickel uptake may 
enhance nickel removal by magnetite-immobilized cells. For complete/high 
percentage recovery of the Ni2+ from the 2nd cycle, destructive recovery may 
be needed to recover the intracellularly accumulated Ni】.. However, once 
destructive recovery was performed, the immobilized bacterial cells could not 
be used as the biosorbent again (Gadd, 1988). In the present study, it did not 
seem to be necessary and economical to perform destructive recovery. 
Application of magnetite-immobilized bacterial cells wi l l be an 
effective, single step process to remove and recover nickel ions from 
electroplating effluent. Based on the advantages of using magnetites in waste 
treatment (Table 3) and also the satisfactory results from the jar tests in this 
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study，a fluidized bed type bioreactor with physico-chemical operational 
conditions that determined by this study wi l l be constructed. I f positive results 
are also obtained in such a pilot-scale operation, the contribution of magnetite-
immobilized bacterial cells to remove and recover nickel ions from 
electroplating effluent could be confirmed. 
Advantages of using magnetite-immobilized bacterial cells can 
compensate the hydraulic problems caused by polyacrylamide gel-immobilized 
bacterial cells in the column bioreactor. Moreover, magnetite-immobilized 
bacterial cells might also have potential in large-scale application over the 
disadvantage of column bioreactor which can only be held in laboratory-scale. 
Under optimal operational conditions (pH=9, 55^C, retention time=30 
minutes), nickel removal capacity of magnetite-immobilized cells was about 
40mg/g in the Tris buffer aqueous solution, while nickel removal capacity was 
about 8mg/g in the electroplating effluent (pH=8, 55^C, retention time=30 
minutes). These values suggested that Ni2+ RC by magnetite-immobilized 
bacterial cells could be increased by using an alkaline aqueous solution 
(Figures 10 and 23). Application of the magnetite-immobilized bacterial cells 
should be held in an alkaline condition for efficient 柳 + removal and recovery. 
Removal and recovery of Ni2+ from electroplating effluent by cells of 
Enterobacter sp. 4-2 immobilized on magnetites may be regarded as a superior 
97 
methods that have been used. Perhaps some modifications in certain steps of 
the whole process may further increase the Ni2+ removal and recovery to a 
larger extent. This needs a future study. However, based on the results from 
the present study, the use of magnetite-immobilized bacterial cells to remove 
Ni2+ from electroplating effluent is a promising process. 
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6. Summary 
6.1 Cells of Enterobacter sp. 4-2 grown under optimal growth conditions, i.e. 
phosphate-limiting minimal medium with 0.4% glucose concentration, 
incubated at SO^C for 48 hours, could be immobilized on magnetites to 
remove Ni2+. 
6.2 Optimal conditions for immobilization of the bacterial cells are: Tris buffer 
with pH<6.5, cells to magnetites ratio> 1:20, and uniform shaking for 10 
minutes at 25^C. 
6.3 Once the bacterial cells were immobilized onto the magnetites, they could 
hardly be desorbed from magnetites even at an alkaline pH. 
6.4 Nickel removal capacity (RC) of magnetite-immobilized cells was larger 
than those of free cells and magnetites. 
6.5 Optimal conditions for nickel removal by magnetite-immobilized cells in 
aqueous solution are: Tris buffer with pH> 9, reaction temperature at 2 5 � � � 
and retention time> 20 minutes. 
6.6 Only Zn ! . alone in the Tris buffer would cause a significant reduction in 
the nickel removal capacity of the magnetite-immobilized cells of 
Enterobacter sp. 4-2. Combinations of cations in the buffer did not reduce 
the nickel removal capacity. 
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6.7 Anions, either present alone or in combinations, would not reduce the 
nickel removal capacity of the magnetite-immobilized cells of Enterobacter 
sp. 4-2. 
6.8 Nickel removal efficiency of the magnetite-immobilized cells may be 
increased by using more bacterial cells. 
6.9 Removal of Ni2+ by magnetite-immobilized cells was a biosorption process 
since the nickel uptake by the magnetite-immobilized cells could be 
perfectly described by the Freundlich isotherm equation. The isotherm is 
linear at the concentration range of 10ppm-150ppm nickel. 
6.10 The adsorbed nickel could be recovered from the immobilized cells by 
using O.IM citrate buffer (pH 4) or O.IM EDTA (pH 4.6). Ninety five and 
80% of adsorbed nickel could be recovered by using citrate buffer and 
EDTA, respectively. These results suggested that the major mechanism of 
nickel uptake was biosorption because the adsorbed nickel could be easily 
recovered. 
6.11 Multiple adsorption-desorption cycles of nickel by magnetite-immobilized 
cells had a better performance in the 1st cycle. High percentage of nickel 
was recovered in the 1st cycle, while in subsequent cycles, comparatively 
large amount of Ni2+ was removed and only a low percentage of the nickel 
could be recovered. 
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6.12 Acidic treatment might alter the membrane permeability of bacterial cells 
and enhanced the intracellular uptake of Ni2+ which was then hardly to be 
recovered. 
6.13 Nickel removal capacity by the magnetite-immobilized cells was lower in 
the electroplating effluent than that in the Tris buffer because pollutants 
(other than cations and anions tested in the present study) in the effluent 
may interfere with the nickel removal. However, in the effluent adjusted to 
higher pH, both the removal capacity and recovery of Ni2+ by magnetite-
immobilized cells increased. 
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